Charge-Mediated Localization of Conjugated Polythiophenes in Zwitterionic Model Cell Membranes. by Houston, Judith E et al.
 1 
Charge-Mediated Localization of Conjugated 
Polythiophenes in Zwitterionic Model Cell 
Membranes 
Judith E. Houston,† Mario Kraft,‡ Ian Mooney,† Ann E. Terry,§ Ullrich Scherf‡ and Rachel C. 
Evans†* 
†School of Chemistry and CRANN, University of Dublin, Trinity College, College Green, Dublin 
2, Ireland. 
 ‡Macromolecular Chemistry Group (buwmakro) and Institute for Polymer Technology, 
Bergische Universität Wuppertal, Gauss-Str. 20, D-42119 Wuppertal, Germany. 
§ISIS, STFC, Rutherford Appleton Laboratory, Didcot, Oxon, OX11 0QX, U.K. 
ABSTRACT. The selective engineering of conjugated polyelectrolyte (CPE)-phospholipid 
interfaces is poised to play a key role in the design of advanced biomedical and biotechnological 
devices. Herein, we report a strategic study to investigate the relationship between the charge of 
the CPE side-group and their association with zwitterionic phospholipid bilayers. The interaction 
of dipalmitoylphosphatidylcholine (DPPC) phospholipid vesicles with a series of 
poly(thiophene)s bearing zwitterionic, cationic or anionic terminal groups (P3Zwit, P3TMAHT 
and P3Anionic, respectively) has been probed. Although all CPEs showed an affinity for the 
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zwitterionic vesicles, the calculated partition coefficients determined using photoluminescence 
spectroscopy suggested preferential incorporation within the lipid bilayer in the order P3Zwit › 
P3Anionic » P3TMAHT. The polarity probe, Prodan, was used to further qualify the position of 
the CPE inside the vesicle bilayers via Förster resonance energy transfer (FRET) studies. The 
varying proximity of the CPEs to Prodan was reflected in the Stern-Volmer quenching constants 
and decreased in the order P3Anionic › P3TMAHT » P3Zwit. Dynamic light scattering 
measurements showed an increase in hydrodynamic diameter of the DPPC vesicles upon 
addition of each poly(thiophene), but to the greatest extent for P3Anionic. Small-angle neutron 
scattering studies also revealed that P3Anionic specifically increased the thickness of the head-
group region of the phospholipid bilayer. Epi-fluorescence and atomic force microscopy imaging 
showed that P3TMAHT formed amorphous agglomerates on the vesicle surface, P3Zwit was 
buried throughout the bilayer and that P3Anionic formed a shell of protruding chains around the 
surface, which promoted vesicle fusion. The global data indicate three distinctive modes of 
interaction for the poly(thiophene)s within DPPC vesicles, whereby the nature of the association 
is ultimately controlled by the pendant charge-group on each CPE chain. Our results suggest that 
charge-mediated self-assembly may provide a simple and effective route to design luminescent 
CPE probes capable of specific localization within phospholipid membranes. 
KEYWORDS: conjugated polyelectrolytes, polythiophenes, membrane-polyelectrolyte 
interactions, membrane probes, phospholipids, surfactants  
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INTRODUCTION  
Within every biological system the cell membrane facilitates the transportation of 
materials, energy and information between the interior and exterior cell environment, achieved 
by modification of their structure or phase.1 Although the precise phase composition of cell 
membranes remains a topic of wide debate, it is believed to consist of mobile liquid-ordered lipid 
domains (or rafts) embedded within a fluid phase.2, 3 Homogenous phospholipid large unilamellar 
vesicles (LUVs) are commonly used as models for complex plasma membranes4 and have 
recently shown potential as sophisticated drug delivery vehicles5, and as nanoreactors.6 Despite 
their considerable differences to live cell membranes, the interaction of probe molecules with 
LUVs can provide vital information on a range of variables such as binding affinity, orientation 
or localization and the local environment.4 Fluorescent membrane probes (e.g. organic dyes,7, 8 
quantum dots,9 fluorescently-labeled phospholipids10 and proteins11) are particularly attractive for 
this purpose, providing a means of directly monitoring membrane probe interactions with both 
spatial and temporal resolution.12, 13	
The ideal fluorescent probe combines high chemical and photochemical stability, precise 
localization within the membrane bilayer, without becoming internalized within the cell, as well 
as environment-responsive optical properties that provide information about their molecular 
surroundings (e.g. through spectral shifts, fluorescence intensity or lifetime changes, etc.).14 
However, physical parameters, such as hydration, fluidity, and dipole and transmembrane 
potentials, change dramatically across the membrane bilayer;15 as such knowledge and control of 
where a probe specifically locates is also crucial. Typical strategies to regulate the localization of 
probes within cell membranes involve complex synthetic design, requiring covalent-bonding of 
molecular dyes to biomolecules11 or the use of large phospholipid analogues.10, 15 A more facile 
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approach exploits interfacial interactions between the probe and the phospholipid bilayer, 
governed by intermolecular forces such as van der Waals, electrostatic co-assembly and 
hydrophobic interactions.15 The challenge for this strategy, however, is to design probes which, 
through a delicate balance of intermolecular forces, are able to localize specifically at a targeted 
location within a phospholipid bilayer. 
Conjugated polyelectrolytes (CPEs) are attractive membrane probes due to their water-
solubility and environment-16, 17 and aggregation-responsive fluorescence.18 Moreover, the 
introduction of ionic terminal groups onto their lateral chains can be exploited to additionally 
impart the charge-mediated behavior characteristic of polyelectrolytes into their rich properties.19, 
20 Studies of the interaction of CPEs with phospholipid vesicles have delivered a broad range of 
potential applications not only for cell biology, for example cell imaging,21 fabrication of sensing 
devices17 and formation of biocidal agents,22 but also for biotechnological applications, including 
the optimization of power generation in microbial fuel cells.23 The extent of CPE incorporation 
within phospholipid vesicles has previously been achieved by varying the nature and number of 
charges on the phospholipid head-group,24 as well as the nature and number of side-group 
charges24 and length of the polymer chain.25, 26 Cosa et al. investigated the effect of varying the 
chain length of anionic poly(phenylene ethynylene)s (PPEs) and their interaction with 
phospholipids of different head-group charge.25 Regardless of the PPE chain length, the anionic 
CPE showed no interaction with negatively-charged phospholipid vesicles and associated only to 
a small extent with zwitterionic phospholipids. In contrast, strong interactions were observed 
with the cationic phospholipid, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), with 
vesicle fusion being reported exclusively for the longest chain-length PPE. A comparative study 
between cationic PPEs and the anionic phospholipid, 1,2-dipalmitoyl-sn-glycero-3-
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phosphoglycerol (DPPG), commonly used as model membranes for bacterial cells, found that the 
extent of membrane perturbation of the CPEs decreased with increasing CPE size.26 Mammalian 
cell membranes predominantly consist of zwitterionic phospholipids,27 which possess both 
positive and negative charges in their polar head-groups. However, to date, limited studies exist 
regarding the effect of zwitterionic surfactants, generally phospholipids, on the solution behavior 
of CPEs.24, 25 Recently, it was shown that the nature of the surfactant (cationic, anionic, 
zwitterionic, non-ionic) when added to a solution of the zwitterionic CPE, poly[3-(N-(4-
sulfonato-1-butyl)-N,N-diethylammonium)hexyl-2,5-thiophene], had a significant effect on the 
optical and structural properties of the zwitterion.28 Specific ionic associations between charged 
groups and non-specific interactions, such as structural rearrangements to accommodate 
incorporation of the surfactant tails, were proposed to govern the nanoscale organization of the 
CPE. Furthermore, this zwitterionic poly(thiophene) derivative offers a unique advantage over 
the anionic and cationic alternatives due to the absence of mobile counterions,16 which are known 
to cause fluorescent quenching, an undesirable side effect in the design of fluorescent membrane 
probes.  
To the best of our knowledge, no study to date has probed the interaction between 
zwitterionic phospholipids and CPEs containing the same conjugated backbone, but different 
charges on the pendant side-groups. To address this, here we investigate the co-assembly of 
zwitterionic dipalmitoylphosphatidylcholine (DPPC) LUVs with a series of poly(thiophene)s 
bearing zwitterionic, cationic or anionic terminal groups (P3Zwit, P3TMAHT and P3Anionic, 
respectively), Figure 1. Recently, we have shown that P3Anionic is uniquely capable of 
sequentially detecting three phase transitions in zwitterionic model cell membranes via 
distinctive changes to its emission properties.29 There was significant evidence to suggest that the 
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charge of the anionic poly(thiophene) mediates its incorporation within the motionally-restrictive 
zwitterionic phospholipid head-group region, where the sensitivity to membrane order is 
believed to be the greatest. This preliminary study revealed the potential opportunity to mediate 
the interaction of a CPE with a phospholipid bilayer via judicious selection of the pendant 
charge-group on the CPE. Here, using a combination of optical, microscopy and small-angle 
scattering (light, neutrons) measurements, we will demonstrate that the localization of the probe 
within different zones of the lipid bilayer can be controlled simply by changing the nature of the 
ionic charge on the side chains of the CPE. Our findings provide insight into the potential of 
charge-mediation to control the membrane perturbation of CPEs and may prove valuable in the 
design of more effective membrane probes, as well as in the development of improved 
theranostic platforms. 
 
Figure 1. Chemical structures of the phospholipid, DPPC, the three poly(thiophene)s 
investigated, P3Anionic, P3Zwit and P3TMAHT, and the polarity probe, Prodan.   
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EXPERIMENTAL SECTION 
Materials. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), N-(2-
hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) HEPES (≥99.5%) and 6-propionyl-2-
dimethylaminonaphthalene (Prodan) (≥98.0%) were purchased from Sigma Aldrich. Sodium 
chloride and chloroform were purchased from Fisher Scientific. Deuterium oxide (>99.9%) was 
purchased from Apollo Scientific Limited. All materials were used as received. Poly[3-(6-
trimethylammoniumhexyl)thiophene] (P3TMAHT),30 poly[3-(6-sulfothioatehexyl)thiophene)] 
(P3Anionic)31 and poly[3-(N-(4-sulfonato-1-butyl)-N,N-diethylammonium)hexyl-2,5-thiophene) 
(P3Zwit, also known as P3SBDEAHT)28 were synthesized as previously reported28, 30, 31 and have 
number-averaged molecular weights, Mn, of 12,000, 5,000 and 12,000 g mol-1, respectively, with 
PDIs of 1.1, as measured for the parent bromohexyl precursors. Unless otherwise stated, all 
buffers utilized had the same ionic strength: 10 mM HEPES, 30 mM NaCl, pH 7.3. 
Vesicle Preparation. DPPC powder was dissolved in chloroform to obtain a final concentration 
of 40 mg mL-1. The solvent was then evaporated while rotating the sample vial to create a thin 
film on the vial wall. Films were placed under vacuum for at least 1 h to remove excess solvent. 
Phospholipid films were hydrated to a final concentration of 20 mM with either buffer or buffer 
solution containing dissolved Prodan (4 µM). The phospholipid suspensions were then subjected 
to 15 cycles of freeze-thaw-sonicate, where freeze indicates 10 min in the freezer, thaw indicates 
1 min in a water bath at 40-50 ºC, and sonicate indicates 5 min of sonication at 40-50 ºC. The 
phospholipid mixtures were subsequently extruded 15 times through a polycarbonate membrane 
(100 nm pore size). During the extrusion process the samples were maintained above the gel-
liquid transition temperature of DPPC (42 ºC).32 The vesicle suspensions were stored at 4 ºC 
before use, if they were not used immediately.  
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Titration Procedure. For each measurement, stock solutions of the CPE were mixed with stock 
solutions of the DPPC LUVs to obtain the required charge ratio between the CPE monomer units 
and the zwitterionic DPPC molecules. The molecular weights, MW, of each CPE monomer unit 
are 302.3, 519.9 and 373.6 g mol-1 for P3TMAHT, P3Anionic and P3Zwit, respectively.  
Absorption and Emission Spectroscopy. UV/Vis absorption and fluorescence spectra were 
recorded at room temperature on a Shimadzu UV2401 PC UV/Vis scanning spectrometer and a 
Fluorolog-3 (Horiba Jobin Yvon) spectrophotometer, respectively. Emission and excitation 
spectra were corrected for the wavelength response of the system using correction factors 
supplied by the manufacturer. Samples were measured in 1 cm pathlength quartz cuvettes. 
Dynamic Light Scattering (DLS) and Zeta Potential (ζ). DLS and ζ measurements were 
performed using a Zetasizer Nano series nano-ZS (Malvern Instruments, U.K.). For DLS the 
instrument was set in the back-scattering configuration (175°). Cumulant analysis of the 
correlation function was used to determine the mean Z-average hydrodynamic diameter (Dh) and 
the polydispersity (PDI) of each sample.33 For the ζ measurements electrophoretic mobilities were 
recorded by a Laser-Doppler facility in the DLS unit. The ζ was calculated from the 
electrophoretic mobility, μ, using the Henry correction to Smoluchowski’s equation:34 ζ = µ $%&'() *            (1) 
where η is the solvent viscosity and ε0 is its static dielectric permittivity. Equation 1 places no 
restrictions on the particle shape, except for the assumption that the radius of curvature of the 
surface is much greater than the Debye screening length, κ-1. Smoluchowski’s approximation 
holds because the electrical double layer thickness surrounding the vesicles, δ, is much lower 
than Dh/2.35  
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Small-Angle Neutron Scattering (SANS). SANS measurements were carried out on the LOQ 
beamline at the ISIS Pulsed Neutron Source (STFC Rutherford Appleton Laboratory, Didcot, 
U.K.). An incident wavelength range of 2.2–10 Å separated by time-of-flight with a sample-to-
detector distance of 4.1 m yielded a simultaneous q-range of ~0.009–0.24 Å-1, as q = 
(4π/λ)sin(θ/2), where λ is the wavelength and θ the scattering angle. Samples were prepared in 
deuterium oxide (D2O) to provide good neutron scattering contrast. Each raw scattering data set 
was corrected for the detector efficiency, sample transmission and background scattering and 
converted to scattering cross-section data (∂Σ/∂Ω vs q) using the instrument-specific software 
Mantid.36 These data were placed on an absolute scale (cm-1) through reference to the scattering 
from a standard sample (a solid blend of hydrogenated and perdeuterated polystyrene) in 
accordance with established procedures.37 The SANS scattering functions I(q) were initially 
interpreted using scaling concepts.38 The scattering intensity may be considered to scale as:  
+, 𝐼(𝑞) ≈ 𝑞23          (2) 
where c is the concentration and the exponent α may be interpreted in terms of an arbitrary 
particle shape: α = 1 for separated rods; α = 2 for sheet-like particles; α = 4 for smooth 3-
dimensional particles, for which the scattering would also level off at low q. The low-q data arise 
from the structure of the vesicles themselves, while the high-q data derive from the internal 
structure of the phospholipid bilayer,39 and can be used to probe changes that take place in 
response to the CPEs. The thickness of the vesicle bilayer was first analyzed using the modified 
Kratky-Porod (MKP) approach,40 which relates the radius of gyration to the thickness of the 
bilayer and is independent of other model fitting.  
The scattering functions were then fit using non-linear least-squares analysis to a Core-Multi-
Shell model using the SasView programme.41, 42 In this model, four shells were used to represent 
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the phospholipid head-group and hydrophobic chain regions of the inner leaflet, and the 
phospholipid head-group and hydrophobic chain regions of the outer leaflet. The core of the 
model contains the same solution background as exists outside the vesicles. Neutron scattering 
lengths and volumes of the various components in the system that were used to calculate the 
scattering length densities (SLDs) in the model are provided in Table S1 in the Supporting 
Information. The scattering intensity from the four-shell model is given by:42  
𝐼(𝑞) = 𝐴 5∑ 789(:92:9);<(=>9)=>9%?@+ AB 𝑆(𝑞) + 𝑏𝑘𝑔      (3) 
where A is a scaling factor, bkg is a constant background, ρi are the SLDs of each shell, ρ0 is the 
neutron SLD of the core, which is equal to that of the buffer solution, Vi is the volume of each 
shell and j1(x) is the Bessel function. The di (i = 1,2,3,4) are the radii of the shells in the model, 
being the radius, the thickness of the head-group and the chain region of the inner leaflet, and the 
thickness of the head-group and the chain region of the outer leaflet, respectively. S(q) is the 
structure factor for intervesicle interactions and is equal to unity (S(q) = 1) for the dilute vesicles 
solutions measured in this experiment.  The fits were checked to have absolute SANS intensities 
consistent with the known sample concentrations (1 vol% dry material). 
Atomic Force Microscopy (AFM). AFM measurements were performed using an Asylum 
Research MFP-3D™ instrument mounted on an anti-vibration plinth, in the tapping mode at 
room temperature under ambient conditions. Higher resolution AFM measurements were 
performed using sharp diamond tips, which were a kind gift from Adama Innovations. All raw 
AFM images were visualized and analyzed using the Gwyddion 2.31 software. 
Determination of Partition Coefficients. The partition coefficient, Kp, provides information 
about the partitioning of the CPEs between the phospholipid and water phases of the 
phospholipid vesicles, and can be determined from the fluorescence intensity, depending on 
 11 
whether quenching or enhancement is observed. For fluorescent molecules that display an 
increase in emission intensity, I, upon the addition of phospholipid vesicles, the partition 
coefficient, Kp, is determined from:43, 44 𝐼 = HIJKLMN[P]HRST+JKLMN[P]           (4)                  
where γL is the molar volume of phospholipid, Iw is the emission intensity of the CPE in the 
absence of the vesicles, and Imax is the maximum emission intensity that can be achieved upon 
addition of vesicles to the CPE. A plot of emission intensity at a fixed wavelength against 
phospholipid concentration, [L], will be hyperbolic if Imax > Iw. In this case the initial slope at [L] = 
0 mol dm-3 is given by:  𝑆𝑙𝑜𝑝𝑒 = 	𝐾[𝛾P(𝐼]^_ − 𝐼a)         (5) 
Alternatively, if a fluorescent molecule is quenched upon titration with phospholipid 
vesicles, Kp can be calculated from:45  HRSTH = 1 + 𝐾[𝛼          (6) 
where α = VL/Vw, VL is the volume of phospholipid and VW is the total volume. VL can be calculated 
by taking the volume of a molecule of DPPC as 1148 Å3.46 Eq. 4 can be equated to Eq. 6 if the 
limit of emission intensity, Imax, is assumed to be zero.44 A plot of Imax/I vs α should be linear, where 
the slope is equal to the partition coefficient, Kp. 
Förster Resonance Energy Transfer. The efficiency of energy transfer by dipolar donor-
acceptor (D-A) interactions described by Förster theory is given by:47   𝐸 =	 e)fe)fJgf           (7) 
where r is the distance between the donor and the acceptor and R0 is the Förster distance at which 
the efficiency of energy transfer, E, is 50%. R0 is given by:  
 12 
𝑅ij = 	 kiii(lm +i)nopq+Br&stuvw 𝐽yz         (8) 
where κ2 is the orientation factor of two dipoles interacting and is assumed to be 0.472 for the gel 
state of DPPC vesicles.48 ΦD is the fluorescence quantum yield of the donor in absence of the 
acceptor, ΦD is 0.23 for Prodan in DPPC vesicles at 25 °C,48 n is the average refractive index of 
the host phospholipid bilayer and NA is Avogadro’s number. JDA(λ) is the spectral overlap integral 
between the donor emission and acceptor absorption spectra. 𝐽yz(𝜆) = 	∫ 𝐹y(𝜆)~i 𝜀z(𝜆)𝜆%𝑑𝜆        (9) 
where FD(λ) is the fluorescence spectrum of the donor normalized so that ∫ 𝐹y(𝜆)~i dλ = 1 and 
εA(λ) is the molar absorption coefficient of the acceptor. 
 
RESULTS AND DISCUSSION 
Photophysical Characterization. Due to their inherent charges, electrostatic association 
between the poly(thiophene)s and the zwitterionic phospholipid head-groups is expected. The 
UV/Vis absorption and fluorescence spectra of P3TMAHT, P3Zwit and P3Anionic were studied 
upon titration with increasing concentrations of DPPC vesicles in HEPES buffer solution (30 
mM NaCl, pH 7.3) at 25 ºC. For solutions of the pure CPE, single absorption bands were 
observed, centered at λabs = 431 nm for P3Zwit and P3TMAHT and 435 nm for P3Anionic. Upon 
titration with DPPC vesicles, a blue-shift and an increase in the absorbance was observed for all 
CPEs (Figure 2 and Figure S1a). For P3Anionic red-edge band broadening was also observed 
which is most likely attributed to an increase in conjugation length of the poly(thiophene);49 
however scattering effects arising from the addition of nanometre sized vesicles to the solution 
cannot be excluded.   
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Figure 2. (a, d) UV/Vis absorption and (b, e) emission spectra of P3TMAHT (3.96 × 10-5 M 
(r.u.)) and P3Zwit (1.93 × 10-5 M (r.u.)), respectively, upon titration with DPPC vesicles (0 - 9.60 
× 10-5 M and 0 - 4.08 × 10-5 M for P3TMAHT and P3Zwit, respectively). (c) Plot of emission 
intensity, I, at 600 nm vs DPPC concentration for determination of Kp for P3TMAHT. (f) Plot of 
Imax/I vs phospholipid volume fraction for determination of Kp for P3Zwit. 
Each CPE also exhibits a single broad emission band with λem centered at 625, 607 and 
625 nm for P3TMAHT, P3Anionic and P3Zwit, respectively. The addition of DPPC vesicles into 
a buffered solution of P3TMAHT results in the appearance of vibronic structure in the emission 
spectrum, a significant blue-shift (∆λem = 625-595 nm) and an increase in emission intensity, 
reaching a three-fold enhancement by a 3:1 DPPC:CPE charge ratio (Figure 2b). In contrast, 
P3Zwit and P3Anionic exhibit a quenching of the emission intensity, with a smaller blue-shift in 
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λem from 625 to 622 nm for P3Zwit (Figure 2e), and 607 to 604 nm for P3Anionic (see Figure 
S1b). The excitation spectra are in excellent agreement with the absorption spectra (Figure S2). 
The measured λabs and λem for the CPEs in the absence and presence of DPPC vesicles (at 1:1 
charge ratio of CPE:DPPC), and the calculated Kp, are summarized in Table 1.  
 
Table 1. UV/Vis absorption (λabs) and emission (λem) maxima for CPEs before and after the 
addition of DPPC vesicles (1:1 charge ratio) in HEPES buffer solution (30 mM NaCl, pH 7.3),  
the calculated partition coefficients, Kp and the calculated number of repeat units (and chains) of 
CPE expected to associate with each DPPC vesicle. 
 λabs (nm) λem (nm)   
CPE without 
DPPC  
with 
DPPC  
without 
DPPC 
with 
DPPC  
Kp Number of CPE 
r.u. (chains) per 
DPPC vesicle a 
P3Anionic 431 426 607 604 4.86 (±0.06) × 104 8,800 (419) 
P3Zwitterionic  435 424 625 622 1.06 (±0.01) × 105 8,800 (180) 
P3TMAHT 435 427 625 595 1.28 (±0.24) × 103 8,790 (179) 
a The number of CPE r.u. per DPPC vesicle are calculated for a concentration of CPE = 1 × 10-5 (r.u.) M and DPPC = 
1 × 10-4 M (See SI for calculation details).  
 
Changes in the UV/Vis absorption and emission spectra can be used to probe the mode of 
interaction between the CPEs and the DPPC vesicles.50 In addition, the partition coefficient, Kp, 
provides information about the distribution of the CPE between the phospholipid and water 
phases of the solutions of phospholipid vesicles, including the approximate number of CPE 
chains per DPPC vesicle. These values can be determined from the fluorescence intensity 
depending on whether there is quenching or enhancement, as described in the Experimental 
section.43-45 The increased emission intensity and blue-shift observed for P3TMAHT is common 
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for CPEs when combined with phospholipids,18, 24 oppositely-charged,19, 51 or neutral surfactants.51, 52 
Such changes have been attributed to the surfactant-induced break-up of the CPE clusters to form 
new surfactant-CPE aggregates,52 where the conformation of the CPE changes from an 
aggregated to more extended state.53 The observed emission intensity enhancement and blue-shift 
in λmax are indicative of higher interchain disorder due to distortion of neighboring thienylene 
building blocks, which leads to a corresponding decreased conjugative interaction in the 
deaggregated state.53, 54  
The observed quenching of the P3Zwit and P3Anionic emission upon addition of DPPC 
vesicles may be the result of the CPEs embedding within the membrane and forming ground-
state complexes with the charged phospholipid head-groups.16 The large Kp for P3Zwit (1.06 
(±0.01) × 105) suggests that this CPE is buried deep within the bilayer. In contrast, the lower Kp 
for P3Anionic (4.86 (±0.06) × 104) may infer that it is restricted from penetrating as deeply. It is 
interesting to note that the shorter chain-length poly(thiophene), P3Anionic, (~8 nm) would 
typically be expected to penetrate further within the phospholipid bilayer than the longer chain-
length, P3Zwit (~20 nm).25, 26 In comparison, P3TMAHT presents the lowest Kp value (1.28 
(±0.24) × 103), suggesting that is least effectively incorporated within the phospholipid bilayer. 
This is the first indication that the charge of the CPE side-chain may play a crucial role in 
controlling the penetration depth within the zwitterionic bilayers. We note that while the Kp 
values vary by several orders of magnitude, this does not translate into a significant difference in 
the estimated average number of repeat conjugated units incorporated per vesicle for each CPE 
system (see Table 1). However, this does correspond to a higher density of individual chains per 
vesicle for P3Anionic due to its lower molecular weight.  
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Förster Resonance Energy Transfer (FRET) Studies. Environment-sensitive hydrophobic 
probes are often used to obtain information about the structure and interactions within 
biomembranes.15 The emission spectrum of the probe, Prodan, is highly sensitive to the polarity 
of the local environment,48 and was selected to examine more precisely the location of the CPEs 
within the phospholipid bilayer by FRET. Prodan can be incorporated within the DPPC bilayers 
via simple titration before or after vesicle preparation, with a calculated partition coefficient of 
1.8 × 105 (Figure S3). In water, Prodan exhibits a broad emission band centered at 525 nm, which 
shifts to 445 nm upon incorporation/binding with DPPC (Figure 3a) as the origin of the emission 
shifts from a charge-transfer to a locally-excited state.48 Visual inspection of the emission 
spectrum of Prodan in DPPC vesicles (donor) and the absorption spectra of the CPEs (acceptor) 
reveals excellent overlap, and results in large values for the calculated spectral overlap integral, 
JDA, as shown in Table 2, which suggest that FRET should take place. 
As shown in Figure 3b for P3Zwit (see Figure S4 for P3Anionic and P3TMAHT), 
following selective excitation of Prodan (λex = 340 nm), the emission band at λem = 435 nm 
becomes increasingly quenched upon addition of each CPE, in the preferential order: P3Anionic 
› P3TMAHT » P3Zwit. Moreover, a congruent increase in the emission intensity at 610 nm, 
attributed to the poly(thiophene) emission, is observed. The corresponding excitation spectra 
detected in the CPE emission band reveal a contribution from both the CPE (~450 nm) and the 
Prodan excitation (~360 nm), confirming that Prodan to CPE energy transfer occurs (see Figure 
3c for P3Zwit, Figure S5 for P3Anionic and P3TMAHT).  The corresponding Stern-Volmer 
plots for quenching of the Prodan emission by the CPE were shown to be linear (Figure 3d) and 
the calculated Stern-Volmer constants are collected in Table 2.  
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Figure 3. (a) Normalized absorption (dashed lines) and emission (solid lines) spectra of Prodan 
and P3Zwit in HEPES buffer before and after the addition of DPPC vesicles, (30 mM NaCl, pH 
7.3). (b) Emission and (c) excitation spectra of Prodan (2 × 10-8 M) in DPPC (1 × 10-4 M) vesicles 
upon the addition of P3Zwit (0-1.45 × 10-5 M (r.u.)). (d) Stern-Volmer plots of the quenching of 
Prodan by P3Anionic (black squares), P3TMAHT (blue triangles) and P3Zwit (red circles). To 
enable direct comparison between CPEs, titrations were performed with a constant concentration 
of DPPC/Prodan stock solution. 
 
Fluorescence quenching is a powerful technique to obtain topographical information 
about proteins, nucleic acids and biological membrane systems.16, 55 However, in systems involving 
membranes it can be difficult to make quantitative conclusions about the precise D-A distances 
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as the donor and/or the quencher are likely to be partitioned between the aqueous phase and the 
phospholipid phase. However, from the calculated Kp values, we estimate that there will be a 105 
and 103–105 fold excess of Prodan and the CPEs, respectively, partitioned within the vesicle 
membrane relative to the aqueous buffer solution. Moreover, control experiments on the 
analogous Prodan/CPE systems in the absence of DPPC vesicles reveal that no significant 
quenching of the Prodan fluorescence at these quencher concentrations (Figure S6 and S7), i.e. 
energy transfer between Prodan and the CPEs in free buffer solution should make a negligible 
contribution to the trends presented here. This allows us to make qualitative deductions about the 
relative position of the acceptor CPEs in relation to Prodan, which is known to preferentially 
locate at the boundary between the glycerol head-group and the lipid chains of phospholipids.56  
The Förster equation57 for resonance energy transfer has its limitations for linear 
conjugated systems as the point–dipole model cannot adequately account for the spatial 
distribution of excitations at short donors-acceptor distances.58, 59 However, Förster theory can 
provide a useful tool to compare differences in the energy transfer efficiencies for each system. 
As the calculated Förster distances, R0, are relatively similar for all the CPEs (see Table 2), and 
FRET efficiencies are highly dependent on the center to center D-A distance,47 any differences in 
the KSV values can be interpreted as the direct result of a change in distance between the Prodan 
donor and the CPE acceptor. The magnitude of the Stern-Volmer constants indicate that 
quenching of the Prodan emission by all three CPEs proceeds through a static quenching mode.60 
Interestingly, P3Zwit has the highest Kp and yet the lowest KSV (3.80 (±0.64) × 104 M (r.u.)-1), 
suggesting that while this CPE is best incorporated within the DPPC bilayer, it is located at the 
greatest distance from the glycerol/lipid backbone (where the Prodan is located), potentially deep 
within the hydrophobic lipid tails. In comparison, the significantly lower KSV for P3TMAHT and 
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P3Anionic (5.55 (±1.64) × 104 and 6.38 (±2.22) × 104 M (r.u.)-1, respectively) suggest that these 
poly(thiophene)s are in close proximity to Prodan and thus the glycerol/lipid backbone.  
 
Table 2. Measured molar absorption coefficients for the CPEs, εA, and calculated spectral 
overlap integrals, JDA, Förster distances, R0, and Stern-Volmer constants, KSV. 
Donor Acceptor  εA at 430 nm  
 (M (r.u.)-1 cm-1) 
JDA (× 10-14  
M (r.u.)-1 cm3) 
R0 (nm) KSV (× 104 M (r.u.)-1) 
Prodan P3TMAHT 8,483 2.46  2.82 5.55 (±1.64) 
Prodan P3Zwit 13,193 3.84 3.04 3.80 (±0.64) 
Prodan P3Anionic 9,242 2.85 2.89 6.38 (±2.22) 
 
Particle Size and Surface Charge Studies. DLS has previously been used to confirm that the 
integrity of phospholipid vesicles is retained upon the addition of CPEs.24,61 The Z-average 
hydrodynamic diameter (Dh) of the phospholipid vesicles was measured before and after addition 
of the CPEs (summarized in Table S3). Pure DPPC vesicles have a narrow size distribution with 
a mean Dh of 115.3 (±2.0) nm and a polydispersity (PDI) of 0.12 (±0.01). This size closely 
corresponds to the 100 nm diameter pore size of the polycarbonate filter used to prepare the 
vesicles. The vesicle size was unchanged when stored at 4 °C for 7 days. The pure CPE samples 
formed much larger aggregates in solution, with a mean Dh of 393.9 (±9.4), 382.8 (±36.6) and 
244.7 (±2.5) nm for P3Zwit, P3TMAHT and P3Anionic, respectively, and large size 
distributions, with PDIs of 0.35 or greater. 
Upon titration of the CPEs into a buffered solution of DPPC vesicles, a modest increase 
in Dh was observed, to 113.5 (±0.6), 119.3 (±1.5) and 130.0 (±4.5) nm for P3Zwit, P3TMAHT 
and P3Anionic, respectively. However, the size distributions remained narrow, with PDIs of 0.11 
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(±0.01), 0.15 (±0.01) and 0.16 (±0.02) for P3Zwit, P3TMAHT and P3Anionic, respectively. The 
DLS size measurements indicate that the DPPC vesicles break-up large CPE aggregates and that 
the vesicle structures are retained instead of being disrupted into smaller fragments.18 It is well 
accepted that when CPEs (or other molecules) adsorb or penetrate vesicle surfaces there will be a 
moderate change in Dh of the particle.24, 26, 62-64  
Zeta potential (ζ) measurements were used to determine the effective charge of the 
vesicle surface, which will change depending on whether electrostatic associations between the 
CPE and DPPC occur at the vesicle surface or within the phospholipid bilayer.65 The trends in ζ 
for DPPC vesicles, pure CPEs and CPE/DPPC mixtures at 1:1 charge ratio prepared in HEPES 
buffer, pH 7.3, are shown in Figure 4. The ζ of DPPC vesicles was -3.3 (±0.1) mV, close to the 
literature value of ~ -4.4 mV.66 A comparable ζ for P3Zwit was recorded at -5.6 (±0.4) mV. As 
the surface charges of both materials are similar, it is unsurprising that upon combination a 
similar ζ of -7.9 (±3.7) mV was observed. In contrast, the cationic CPE, P3TMAHT, had a 
positive ζ of +12.5 (±2.8) mV. Upon addition of P3TMAHT to DPPC vesicles the ζ increased 
dramatically to +18.1 (±1.7) mV. Previously, the cationic CPE, poly(allyl-N,N-dimethyl-N-
hexylammonium chloride) was absorbed onto zwitterionic phospholipid vesicles and the 
positively-charged ammonium ions of the CPE were shown to be exposed to the bulk solution, 
increasing the surface potential of the vesicles.67 These results thus suggest that P3TMAHT 
covers the outer surface of the zwitterionic vesicle. Pure P3Anionic has a negative ζ of -28.1 
(±5.2) mV, whilst the ζ of the P3Anionic/DPPC mixture lies between this value and that of 
DPPC at -25.4 (±1.0) mV. Since the DPPC vesicles only partially adopt the ζ of P3Anionic, it is 
reasonable to suggest that the CPE may be moderately penetrating the phospholipid bilayer with 
chains also protruding from the outer surface.67  
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Figure 4. Zeta potentials of DPPC vesicles, CPEs and 1:1 CPE:DPPC charge ratio mixtures 
(conc. = 4.0 × 10-6 M (r.u.)) in HEPES buffer, 30 mM NaCl (pH 7.3). Each value is the average 
of at least three measurements.  
Small-Angle Neutron Scattering (SANS). SANS experiments were performed on the 
CPE/DPPC vesicles (in 30 mM NaCl deuterated water solutions) to obtain deeper insight into the 
internal nanoscale organization of the vesicle bilayers. The data were initially interpreted using 
scaling concepts to provide information about the CPE/DPPC aggregate shape (Figure 5a).38 The 
observation window of the SANS experiments ranged from 3.0 to 69.8 nm, which is less than the 
diameter of isolated vesicles (~100 nm). However, it does cover the isolated chain length of the 
fully extended poly(thiophene)s (7.8-19.6 nm).38 This means that fully dissolved rod-like 
polymers would be expected to exhibit a monatomic -1 decay, with a Guinier plateau in the low-
q regime. This was not observed for any of the scattering curves, implying that the pure CPE 
solutions and the CPE/DPPC samples all contained CPE associations (Figure S10). The low-q 
data (q<0.07) arise from the structure of the vesicles themselves, while the high-q data (0.07<q) 
originate from the internal structure of the bilayer39 and can be used to probe changes in the 
structural organization that result from interaction with the CPEs. The low-q regions for DPPC 
vesicles, P3TMAHT/DPPC and P3Zwit/DPPC mixtures decayed as ~q-2, which is typical of 
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scattering from a flat rather than spherical bilayer.68 This is to be expected considering that the 
radius of the vesicles is significantly greater than the thickness of the vesicle bilayer. In contrast, 
the P3Anionic/DPPC samples decayed as q-1.6 in the low-q region, shifting to q-4.1 in the high-q 
region. This excess scatter at q = 0.05 Å-1 could arise from a structure factor resulting from 
interparticle repulsion between similarly charged poly(thiophene) chains on the vesicle surfaces.69, 
70 Interestingly, the high-q “Porod” region (q > 0.08 Å-1) of the P3Anionic/DPPC and 
P3Zwit/DPPC scattering profiles decays as ~q-4, consistent with scattering from smooth 
surfaces.71 In contrast, the same region of the P3TMAHT/DPPC profile decays as ~q-3, 
indicating slightly rougher vesicle surfaces.   
 
Figure 5. SANS data for DPPC vesicles and mixtures of P3TMAHT/DPPC, P3Zwit/DPPC and 
P3Anionic/DPPC (1:1 charge ratio, 10 mg mL-1) in D2O, which have been offset for clarity. The 
solid lines show the fit to the data using a Core-Multi-Shell model as described in the text. (b) 
Modified Kratky-Porod (MKP) fit for DPPC vesicles. (c) MKP bilayer thicknesses of DPPC with 
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increasing charge ratios of the CPEs. (d) Schematic of the phospholipid bilayer, defining the 
regions into which the Core-Multi-Shell model is divided. 
 
The thickness of the bilayer was subsequently analyzed using the modified Kratky-Porod 
(MKP) approach,40 which relates the radius of gyration to the thickness of the bilayer and is 
independent of other model fitting. Pencer and Hallet found that the position of the first local 
maximum, qmax, in the I(q)*q4 vs q plot, could be used to obtain the bilayer thickness in 
unilamellar vesicles, if a homogeneous distribution of coherent neutron scattering length 
densities (SLDs) within the bilayer is assumed.72 The MKP fit for pure DPPC (Figure 5b) gave a 
calculated bilayer thickness of 35.3 (±0.5) Å and the calculated thicknesses for all CPE/DPPC 
samples at different charge ratios are shown in Figure 5c. (MKP fits for the CPE/DPPC samples 
at different charge ratios are shown in Figure S11.) The bilayer thicknesses for P3Zwit/DPPC 
and P3TMAHT/DPPC samples were found to decrease slightly to 33.3 (±0.1) and 34.5 (±0.1) Å, 
respectively, upon reaching a 1:1 charge ratio of CPE:DPPC. In contrast, the P3Anionic/DPPC 
samples increased in thickness to 43.3 (±0.1) Å at the same charge ratio.  
The SANS data (0.009-0.27 Å-1) were also fit to a Core-Multi-Shell model using a non-
linear least-squares method, including polydispersity and q-resolution smearing.42 The best fits 
for the DPPC vesicles and CPE/DPPC samples are shown in Figure 5a and the SLDs used for 
fitting are summarized in Table S1. In this model, four shells were used to represent the 
phospholipid head-groups and the hydrophobic chains in the inner and outer regions of the 
bilayer (Figure 5d). The core of the vesicle is expected to contain the same solvent background 
as that outside of the vesicle. Due to the negligible binding constants of Na+ and Cl- ions (0.28 
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and 0.25 M-1, respectively)73 to zwitterionic vesicles, and the low concentration used (30 mM), 
ion associations are assumed to be unimportant and NaCl has not been included in the fits.74  
The total thickness of the blank DPPC vesicle bilayer with and without CPE using the 
Core-Multi-Shell model followed the same trend as the MKP fits (Table 3). The DPPC bilayer 
became slightly thinner upon addition of P3TMAHT from 38.0 to 35.1 Å. However, the head-
group regions were thicker in comparison to pure DPPC vesicles. The SLD of the DPPC head-
group regions is ~ 2.4 × 10-6 Å-2, which decreased to ~1.4 × 10-6 Å-2 upon addition of 
P3TMAHT. This may be attributed to the displacement of D2O molecules from the head-group 
region by the cationic poly(thiophene), which has a much lower SLD of 0.44 × 10-6 Å-2. The 
P3TMAHT/DPPC bilayers became slightly thinner and drier, but comparatively did not 
significantly change upon incorporation of the CPE. The P3Anionic/DPPC samples proved the 
most difficult to fit with the Core-Multi-Shell model. The excess scatter at 0.07 Å-1 may be due 
to interparticle interactions between phospholipid vesicles or repulsion between similarly 
charged P3Anionic chains, however the fits were not found to improve significantly upon the 
addition of a structure factor.70 Nevertheless, fitting with this model gave vesicle bilayers with 
larger total thicknesses (41.2 Å) and larger head-group regions of ~10.5 Å. The SLDs of 
P3Anionic and the DPPC head-groups are both ~1.0 × 10-6 Å-2, therefore, when intimately mixed 
the two species are expected to appear as one thicker ‘shell’. In addition, when P3Anionic and 
P3TMAHT are mixed with the DPPC vesicles, the calculated radii of the vesicle cores were 
found to increase only moderately by ~7 and ~2 Å, respectively, in comparison to the 
P3Zwit/DPPC system which increased by 23 Å. For P3Zwit/DPPC samples the total bilayer 
thickness also decreased upon addition of P3Zwit decreasing to 32.8 Å, whilst the thickness of 
the head-group region remained relatively constant. The ‘wetness’ of the shells also remained 
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effectively unchanged. These results suggest an increase in surface area of the vesicle bilayer 
upon addition of the P3Zwit, which may potentially be inserting throughout the DPPC bilayer, 
effectively spacing the phospholipids out, and thus increasing the overall surface area of the 
vesicle.  
Table 3. Structural parameters obtained from the SANS data using the MKP method and fitting 
to the Core-Multi-Shell model. The error values for the MKP fits were calculated from the 
goodness-of-fit R2 values. φdry is the calculated percentage volume of dry material that each Core-
Multi-Shell model fit represents, an ideal fit for these samples has a φdry of ~1 vol%. 
  CPE:DPPC (1:1 charge ratio) 
Parameters Blank DPPC 
vesicles 
P3Zwit P3TMAHT P3Anionic 
Bilayer thickness via MKP method (Å) 35.3 (±0.5) 33.3 (±0.1) 34.5 (±0.1) 43.3 (±0.1) 
Core-Multi-Shell model:     
Inner 
leaflet 
Head-group thickness (Å) 6.0 6.4 7.4 10.5 
Tail thickness (Å) 13.0 10.0 10.5 10.1 
Outer 
leaflet 
Tail thickness (Å) 13.0 10.0 10.5 10.1 
Head-group thickness (Å) 6.0 6.4 6.7 10.6 
Total shell thickness (Å) 38.0 32.8 35.1 41.2 
Radius of the vesicle core (Å) 481.3 504.0 483.0 489.9 
Inner 
leaflet 
Head-group SLD (× 10-6 Å-2) 2.44 2.43 1.38 0.96 
Tail SLD (× 10-6 Å-2) 0.11 0 0 -0.50 
Outer 
leaflet 
Tail SLD (× 10-6 Å-2) 0.11 0 0 -0.50 
Head-group SLD (× 10-6 Å-2) 2.35 2.27 1.38 0.96 
φdry (%)  1.3 1.3 1.1 1.2 
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 Imaging Studies. Epi-fluorescence microscopy was performed on a mixture of 
CPE/DPPC multilamellar vesicles (MLVs) to gain further insight into the incorporation of the 
CPEs within the phospholipid bilayers.75 The P3Zwit/DPPC sample (Figure 6a) clearly shows red 
emission throughout the MLVs, suggesting the CPE is able to penetrate through multiple 
phospholipid bilayers. In contrast, the P3TMAHT/DPPC sample (Figure 6b) shows an uneven 
vesicle surface which may be attributed to aggregates of CPE on the vesicle, or potentially 
aggregation of the CPE/DPPC vesicles themselves.22 The vesicle structure is most dominant in 
the P3Anionic/DPPC samples (Figure 6c), with the poly(thiophene) emission localized on the 
outer layers of the MLVs.  
Atomic force microscopy was used to measure the surface topography of the DPPC 
LUVs, CPEs and their mixtures.76 AFM images of DPPC vesicles appeared as monodisperse 
spheres, 74 (±10) nm in diameter (Figure S12a). The pure CPE samples gave large, amorphous 
aggregates which were 300-400 nm in diameter (Figure S12b-d). Each CPE/DPPC sample 
contained features of two population sizes. In all cases there was no evidence of the pure CPE 
aggregates. The smaller populations were spheres of ~70 nm diameter, which potentially 
correspond to pure DPPC vesicles; however, it is more probable that these smaller features are 
DPPC vesicles which have only accommodated a few poly(thiophene) chains. The second, larger 
population in the P3TMAHT/DPPC sample (Figure 6e) featured spherical objects ~187 (±27) nm 
in diameter, with rough surfaces as indicated by SANS. A similar surface morphology has 
previously been reported for E.coli cells associated with cationic CPEs and was attributed to 
either a coating of CPE aggregates, disruption to the cell membrane, or a combination of both.22 
Since the DLS studies performed here suggest that the vesicle structure is retained, we propose 
that the roughening of the DPPC vesicles is most likely due to the formation of P3TMAHT 
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clusters on the vesicle surface or aggregates of the CPE-DPPC vesicles. In contrast, the larger 
features in the P3Zwit/DPPC films (Figure 6d) were smooth spheres with diameters of 177 (±41) 
nm. The second population in P3Anionic/DPPC samples were aggregates ~158 (±78) nm in 
diameter, which clearly exhibit a multilayer effect (inset, Figure 6F). The outer shell has a 
thickness of ~30 nm, which could correspond to CPE chains extending from the vesicle surface, 
as suggested by the ζ measurements and the increase in head-group thickness observed using 
SANS. The large, smooth, spherical aggregates in the P3Zwit:DPPC and P3Anionic:DPPC 
samples are most likely the consequence of vesicle fusion. In particular, we note the appearance 
of fused vesicles in the P3Anionic/DPPC AFM and epi-fluorescence images (white arrows in 
Figure 6c/f). Examples of such fused vesicle may be harder to identify in the P3Zwit/DPPC 
samples since the poly(thiophene) penetrates throughout the MLV bilayers, making it difficult to 
distinguish one adjacent vesicle from another in the epi-fluorescence images. CPE-induced 
fusion of phospholipid vesicles has previously been observed between the anionic 
poly(phenylene ethylene), poly-[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylene-vinylene] (MPS-
PPV), and the cationic phospholipid, dioleoyl-sn-glycero-3-phosphocholine (DOPC).25 It was 
postulated that partial penetration of the CPE chains within the DOPC bilayer induces strain, 
while CPE chains extending from the surface of the host vesicle are capable of bridging to an 
adjacent vesicle bilayer. When combined these two effects create the necessary proximity for 
fusion to occur. We note that while drying effects may also contribute to the vesicle fusion 
observed here, the larger hydrodynamic diameter determined for P3Anionic/DPPC (for which 
fusion is most prominent) by DLS on freshly prepared solutions (<10 min old) may support the 
idea of vesicle association in solution at fairly short timescales.  
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Figure 6. Epi-fluorescence images of DPPC multilamellar vesicles (MLVs) (2.6 × 10-3 M) 
titrated with (a) P3Zwit (1.3 × 10-3 M (r.u.)), (b) P3TMAHT (1.3 × 10-3 M (r.u.)) and (c) 
P3Anionic (1.3 × 10-3 M (r.u.)), λex = 435 nm. AFM tapping mode images of (d) P3Zwit/DPPC, 
(e) P3TMAHT/DPPC and (f) P3Anionic/DPPC at 1:1 charge ratio (2.0 × 10-5 M): (i) undoped 
DPPC vesicles, (ii) CPE-doped DPPC vesicle structures. Arrows highlight fused vesicles. 
Mechanism of Interaction. From these studies three distinctive modes of interaction between 
each CPE and the DPPC vesicles are proposed, as shown by the schematic representation in 
Figure 7. The changes in the UV/Vis absorption and PL spectra confirm interaction between the 
CPEs and the vesicles. The calculated partition coefficients suggest the extent of incorporation 
follows the order P3Zwit › P3Anionic › P3TMAHT. In all cases an increase in size of the 
phospholipid vesicles was observed upon addition of the CPE (DLS, AFM, SANS); however, 
further inspection suggests that this is likely to be the result of different modes of interaction. 
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Firstly, the global results suggest that P3Zwit, unrestricted by an overall charge, penetrates 
throughout the phospholipid bilayer. SANS revealed an increase in size of the vesicle including 
the core radius, suggesting an increase in the surface area of the phospholipid bilayer, which is to 
be expected if the CPE is incorporated throughout the thickness of the bilayer. In contrast, 
P3Anionic appears to only partially penetrate the phospholipid bilayer, burying within the 
phospholipid head-group region, encouraged by electrostatic attractive forces between the 
anionic sulfonate of the CPE and the outermost ammonium group of DPPC. This mechanism is 
supported by the increase in the phospholipid head-group thickness (SANS), efficient FRET with 
the membrane probe Prodan and localized changes to the outer surface of uni- and multilamellar 
vesicles (AFM, epi-fluorescence microscopy). Finally, the low Kp value suggests that P3TMAHT 
has minimal penetration within the DPPC bilayer, presumably due to electrostatic repulsion 
between the positively-charged ammonium groups on both the CPE and DPPC, which results in 
the  formation of extended CPE structures on the surface of the vesicles (PL enhancement, 
SANS, zeta potential, AFM, epi-fluorescence). All the measurements in this study were 
performed at room temperature and therefore the DPPC bilayers will exist in the lamellar gel 
phase.32 However, we should also note that the steady-state emission of P3Anionic has previously 
been demonstrated to show remarkable sensitivity to membrane order.29 In contrast, both 
P3TMAHT and P3Zwit showed no sensitivity to the temperature-induced phase transitions of 
DPPC (see Figure S13). This is an encouraging result for the proposed assembly mechanisms, 
since P3Anionic is the only poly(thiophene) to specifically localize within the DPPC head-group 
region, where sensitivity to membrane order is believed to be the greatest.77  
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Figure 7. Schematic representation of the proposed CPE/DPPC vesicle interactions.  
One potential reason for the observed difference in association between the charged 
poly(thiophene)s is their chain length. The anionic poly(thiophene) is approximately 21 repeat 
units (r.u.), in comparison the cationic poly(thiophene) is 49 r.u. Whitten et al. found that 
increasing the chain length of a cationic poly(phenylene ethynylene), decreased the degree of 
perturbation into the anionic phospholipid, DPPG, membrane.26 However, it is important to note 
that P3Zwit has an identical chain-length to P3TMAHT, and yet is capable of burying deep 
within the bilayer, potentially suggesting that chain-length is not the mediating factor here. A 
further element to consider is the chemical structure of the DPPC phospholipid head-group, 
where the outermost group is a cationic trimethyl ammonium, as shown in Figure 1. Repulsive 
forces are expected to exist between this group and the cation of P3TMAHT, which may be 
preventing P3TMAHT from penetrating further within the zwitterionic head-group region.  
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CONCLUSIONS  
In summary, a strategic study of conjugated poly(thiophene)s bearing anionic, cationic 
and zwitterionic pendant groups has been performed to successfully demonstrate that the CPE 
penetration depth within a zwitterionic phospholipid bilayers can be controlled via charge-
mediation. With an overall neutral charge, the zwitterionic side-group of P3Zwit, in combination 
with its hydrophobic poly(thiophene) backbone, mean that P3Zwit can readily insert in between 
the DPPC zwitterionic head-groups, as well as uniquely the hydrophobic phospholipid tails. In 
contrast, both the charged poly(thiophene)s appear to localize around the head-group region of 
the phospholipid bilayers, with P3Anionic burying into the zwitterionic head-groups and 
P3TMAHT forming extended structures on the vesicle surface.  
Previously, CPEs have been somewhat disregarded as viable fluorescent membrane 
probes due to their relatively large size and lack of accurate localization within the membrane 
bilayer. Yet we have shown that through the strategic selection of the CPE charge, the nature of 
their interaction with cell membranes can be tuned, without the need for complex molecular 
probe design, and the associated time-consuming experimental procedures. This has important 
consequences for a variety of applications, such as in biosensing, where the location of the probe 
is explicitly linked to biophysical properties under investigation15 and in drug delivery, where the 
presence of polymer shells has been shown to lead to prolonged drug delivery times.78 The large 
polymer size is also known to advantageously inhibit cell internalization,79 which is a common 
problem for small molecule fluorescent dyes.80 At the same time, at only < 20 nm in length, the 
CPEs remain small enough to accurately probe the raft-like nanodomains in cell membranes (10-
200 nm), whose role and impact in cell function remains a topic of wide debate.81 Importantly, 
the P3Zwit-DPPC system also offers the unique advantage of a CPE-phospholipid system with 
the absence of mobile counterions. Such counterions are potentially problematic in biological 
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sensing platforms due to their lack of biocompatibility or can result in undesirable side-reactions, 
such as fluorescence quenching by halide anions.16 In conclusion, the selective engineering of 
CPE-phospholipid interfaces by strategic charge-mediation could play a key role in the design of 
superior biomedical and biotechnological devices. 
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